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A FLIGHT INVESTIGATION OF THE EFFECT OF LEADING-EDGE
CAMEER ON THE AERODYNAMIC CHARACTERISTICS OF
A SWEPT-WING ATRPLANE

By Seth B. Anderson, Frederick H. Matteson,
and Rudolph D. Van Dyke, Jr.

SUMMARY

Flight measurements were made on a swept-wing Jet airecraft to
determine the effects of adding forwaerd camber and sn increased leading-
edge radius on the low-speed stalling characterlstics, the high-gspeed
static longitudinal stability, and the airplane drag.

The results showed that the modified leading edge produced values
of maximum 1ift somewhat greater than that given by the slats on the
normal airplsne; however, the stall was unacceptable because of an abrupt
roll-off. The addition of a fence resulted in a satisfactory stall with
values of meximum 1ift comparable to the normal eirplane. The modified
leading edge produced no significant changes in the longlitudinal-stabllity
characteristics 1n the transonic Mach number range. The drag of the
airplane with the modified leading edge was slightly higher than that
of the normal airplane below .86 Mach number and above 0.94 Mach number
at & normal force coefficient of 0.15. '

INTRODUCTION

High-1ift devices such as leading-edge slats and leading-edge flaps
have been used successfully to delsy flow seperation and thereby improve
the low-speed 1ift characteristics of swept wings. These devices,
however, are mechanically camplicated, add spprecisble welght to the
wing structure, render useless the forward portion of the wing for fuel
storage, and complicate the ingtallation of de-icing equipment. Refer-
ence 1 gives results of wind-tunnel tests of an airplane with a modified
wing section, incorporating a moderate amount of camber over the forwerd
prortion of the chord and an Increase in leading-edge radius which serve
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to delay flow separation to at least ag high 1ift coefflcients as are
attainable with a slotted wing.

The results of that investigation, conducted on a full-scale 35°
swept-wing airplane in the Ames 40- by 80-foot wind tunnel, left open
three questions regarding the use of the modified leading edge in actual
flight. One was the effect on the low-speed stalling characteristics
since the modified leading edge produced a sharp lift-curve top and
longitudinal instability beyond maximm 1lift; second was the effect on
longitudinal stability at supercritical speeds, and third was the effect
on the airplane high-speed drag.

In order to answer these questions, & flight Investigation was

carried out on the same type of swept-wing alrplane described 1n refer-
ence 1. The results of the flight investigation are reported herein. .

NOTLATION

Ay ratio of net aerodynamic force (positive when directed
upward) along airplane Z exis to the welght of airplane
drag coefficient, drag/qS

11ft coefficient, 1ift/qS

O

pitching-moment coefficient, pitching moment/qSc

Cmq pitching-moment coefficient at zero 1lift

Cmyyr Wing-fuselage pitching-moment coefficient

CN normel-force coefficient, normasl force/gS
M Mach number ' o

c mean aerodypamic chord of wing, ft

c local wing chord, ft

q dynamic pressure, %pVZ, lb/gq £t

S wing area, sq ft

v true airspeed, ft/sec

= Y
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o density, slugs/cu f£%
a airplane angle of attack, deg

Lo angle of zero lift, deg

Oe elevator angle, deg
EQUIPMENT AND TESTS

The test airplene, which was the same type studied 1n reference 1,
was & jet-powered fighter having swept-back wing and tail surfeaces.
A photograph of the airplene is presented in figure 1 and a two-view
drawing is given In figure 2. A description of the geametric details
of the normal airplene is given in table I. Figure 3(a) 1s a drawing
showing the unmodified and modified wing airfolil sections at
station 0.857 semispan. The wing with this modified section is the
same as that of modification 1 of reference 1. Figure 3(b) is a photo-
graph showing the leading-edge modification. Geometric details of the
modified wing sirfoil section are contained in reference 1 (listed as
modification 1). This leading-edge modification tested in flight
extended over the complete span of the wing and was made of wood.
Figure 4 shows a view of a 0.25c fence at 0.63 semispan. This fence
was a wrap-around type, approximately 5 inches high. The fence was on
the wing only during the stall tests of the modified leading edge.

Standard NACA instruments and an 18-channel oscillograph were used
to record the various quantitles. Airspeed measurements and values of
Mech number were obtained usling the nose-boom sirspeed system described
in reference 2. For the stall flights a free-swiveling airspeed head
was used to minimize the error ¢aused by angle of attack. Horizontal-
tall loads used to derive the wing-fuselage piltching moments were
measgured by means of strain gages at the three pin-joined attachment
Pittings where the tail is Joined to the fuselage. Angle of attack was
measured by a vane mounted 8 feet shead of the fuselage nose.

All coefficients are based on the dimensions of the ummodified
airplane. . ' ;

Flight tests to measure the low-speed stalling characterlgtics
were made at 10,000 feet altitude. All other testing was performed at
approximately 35,000 feet. ' .
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RESULTS AND DISCUSSION

Low-Speed Stalls

Maximum 1ift characteristics.- The 1lift curves determined in flight
for the test airplane wlth the modiflied leading edge, the basic wing
(slats locked closed and sealed), and the normal slat configuration
are given in figure 5. It will be noted that for the flaps-down case
the modified leading edge provided 1ift coefficient inecrements approxi-
mately 0.3l greater than that of the basic wing and 0.22 greater than
that with the slats operating. These lncrements corresponded to those
indicated by the tunnel tests, although the absolute value of maximum
1ift was higher in the tunmel for the flasps-down case. The maximum
lift occurred at a higher angle of attack for the modifled leading edge
than for the normal wing with slats operating for both the flaps-up
and fleps-down conditioms. : '

Nature of stall.- The stalling characteristics of the alrplane
wilth the modified leading edge for the flaps-up and flaps-down conditions
were considered uracceptable because of an abrupt roll-off and the large
angles of bank attained at the stall. In addition, the stell was made
more hazardous by the absence of any stall warning. The records showed
that the initial roll-off at the stall resulted in an angle of bank of
approximately 60° and a rolling velocity of the order of 1.4t radians
per second. The megnitude of these quantities increased in value
rapidly (in excess of the ranges of the instruments) as the stick was
brought back. Similer unacceptable characteristics existed for the
airplane with the basic wing (slsts locked closed and sealed). For the
normal airplane (slats operating) the stall was considered operationally
satisfactory. In this case, the stall was characterized by a more
gradual departure from wings-level flight with the initial angle of
bank being less than 5° and the rolling oscillastions building up to a
maximum amplitude of about +50° in 10 seconds of stalled flight. It is
of interest to note that the pilot did not notice a pitch-up beyond
maximm 1ift with the modified leading edge even though the wind-tunmel
results presented in figure 6 (taken from ref. 1) showed & marked
unstable break in pitching moment. The pllot did note the small reglion
of neutral stability for the flaps-up case (fig. 6) immediately before
meximum 1ift and a pitch-down beyond meximm 1ift for the normal air-
Plane with the slats operating. - s S T

Observations of tufts on the upper wing surface at the stall indi=
cated that the abrupt roll-off for the modifled leading edge was due to
an asymmetric flow separation initiating outboard near the wing tip and
spreading inboard. rapidly. This sbrupt stall was dlsc evidenced by the
sharp 1ift pesks measured in flight and in the wind tunnel (fig. 5).

In an effort to improve the stalling characteristics, a number of wing

PRt

L g



NACA RM AS2L16a = S 5

modifications simed at flatitening out the 1ift pesk and thus modifying
the abruptness of the stall were flight-tested. The modifications
suggested in the winpd-tunnel results of reference 1 (wing modifi-
cations 2 and 3), which were designed to spoill the flow at the wing
leading edge at the root, did result in some improvement but the stall
characteristice for the flaps-down case were still considered unsatis-
factory. Tuft pictures taken in flight for the flaps-down case showed
that modification 3 produced areas of separation inboard; however,
separation still occurred rather ebruptly over the outboerd wing panel.
This modificatlion resulted.in & decrement in Crmax of 0.31 for flaps
up and 0.21 for flaps down.  These decrements were of the same order
of megnitude as those of the wind-tunnel results.

It had been noted from previous tests on the basic wing that the .
use of fences had provided satisfactory stalling characteristics with
some penalty in maximm 1ift. A number of flight tests were made with
fences on the wing with the modified leading edge in an effort to pro-
vide satisfactory stalling characteristics with a minimm penslty in
maximum 1ift.. The optimm configuration found was that shown in the
photograph of figure 4, consisting of a short chord fence (0.25c¢)
at 0.63 semispan. This fence produced stalling characteristics similar
to the normel wing with slats operating, that is, a gradual departure
from wings-level Fflight with the initial angle of bank less than 5° and
a build-up in. rolling d6scillations to about £50° over a period of 10
seconds of stalled flight. The stall warning for this configuration
was substantially the same as that for the normel airplane, that is,
satisfactory with flaps up and merginslly satisfactory to unsatisfactory
with flaps down. The stall warning for the normal alrplane was con-
sidered satisfactory with flaps up end unsatisfactory with flaps down.
The decrement in meximum 1ift for the fence installation is of the
order of 0.17. (See fig. 7.) Thus the maximum 1ift of the airplane
with cambered leading edge and fence installed was equal to that of the
normal airplane with slats operating.

High-Speed Longitudinal Stability

At Mach numbers between 0.T75 and 0.9%, the maneuverability of the
normal airplane is limited by a longitudinal instability which makes it
difficult to cbtain high normsl accelerations without inadvertently
"overshooting" or pitching up to a stall. Reference 3 has shown that
this longitudinal instability is due primarily to an unstable bresk in
the wing-fuselage pitching-moment coefficient caused by a lose of 1lift
over the outer portions of the wing from shock-induced separation. In
addition, there are trim changes with Mach number in which the airplane
tends to pitch up at 0.95 Mach mumber when slowing down from a high Mach
number dive.

. -
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Since these high-speed longitudinel -stability problems are
associated with shock-induced seperation, it was not expected that the
modified leading edge, which was designed to improve the low-speed
meximm 1ift coefficient, would reduce the high-speed longltudinal
ingtability. It was hoped, however, that the amount of camber used
would be ingufficient to adversely affect it, as was shown to be the
case in reference L4 for tests st 2,000,000 Reynolds number of a wing
with a similar leading-edge modification. :

Flight tests confirmed that the high-speed longitudinsl instability
was little affected by use of the modified leading edge. In figure 8,
the statlic longitudinal stability as shown by the variation of &g
with Ay, for the modified leading edge compared closely with that for

the normal leading edgé. It would follow that ‘the stick-force variation

with Az would be similar to that for the normel wing.

In regard to trim changes with Mach number, figure 9 shows the
elevator angle required for level flight in the Mach number range
from 0.60 to 0.91 for both configurations.  Here, too, the addition of
the modified leeding edge caused no significent change.

Above 0.91 Mach number, data are not.avallable on trim changes
with change in speed, but on the basls of four dives through this speed
range the. pilot reported that no significant change resulted from the
ingtallation of the modified leading edge. The pitch-up was still
apparent when slowing down through 0.95 Mach number and was of approxl-
mately the same intensity.

Although no specific tests were made for buffeting, the pilot felt
thet the modified leading edge did not alter the buffeting characteristics
from those shown in reference 5 for the normsl airplane.

Figure 10 presents the variation of the f£light measured wing-
fuselage pitching-moment coefficient with normel-force coefficient at
various constant values of Mach number for both the modified and normal
leading edge. These data agree quite well with the results obtained
in reference 4 at a Reynolds nimber of 2,000,000. Below 0.8 Mach
number there was no silgnificant change resulting from the use of the
modified leading edge, only a negative shift in piitching-moment .
coefficient at zero 1ift of -0.0l, ‘the variation with Cy being almost
identical for the two configurations. The increased elevator angle
required with the cambered leading edge as shown in figures 8 and 9 is
about a half a degree smaller than would be expected from the
shift shown in figure 10. Above 0.8 Mach number there is, in addition,
a small increase in stability below the Cy for pitch-~up with the
break coming at slightly lower Cj.
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Drag

The drag of the airplane (shown in fig. 11) was measured using the
technique described in reference 5. The drag was measured at normal-
Porce coefficients between 0:12 and. 0.18 and was corrected to CN = 0.15
using & value of 0.6 for the alrplane efflciency factor at all Madh
numbers. -

The drag of the modified alrplane appeared to be slightly higher
than that of the normal airplane up to about 0.86 Mach number. The
data of reference 4% tend to substentiate thie result showing a higher
minimum drag for the wing with forward camber. It should be noted that
in the referenced results this drag penalty disappeared &t a 1lift
coefficient of 0.3 and, at higher CL, values, the drag of the basic
wing was higher.

For Mach numbers between 0.86 and 0.94 the drag of the two airplane
configurations appeared to be equal. Above O. 94k, the drag of the modi-
fied wing began to increase signlficantly above that for the basic
wing.

CONCLUSIONS

Flight tests of a 350 awept-back-w1ng airplene, with the wing
modified to Iincorporate a moderate amount of camber over the. forward
portion of the chord and an increase in the leading-edge radius, have
shown the following:

1. The modified leading edge provided an increase in maximm 1ift
coefficient, flaps down, of 0.31 over the basic wing and of 0.22 over
the wing with slats operating. The gtalling characteristice in steady
straight flight were considered unacceptable by the pilot because of
an abrupt roll-off. In addition, there was no stall warning. The
installation of a fence resulted in a satisfactory stall with a penalty
in maximum 1ift of sbout 11 percent. Thus the maximm 1ift character-
igtics compared closely with those for the normsl alrplene with slats
operating. -~ Iongitudinel insgtability beyond the stall noted.in wind-
tunnel tests was not apparent to the pilot.

2. The addition of the cambered leading edge caused no significant
changes in the longitudinal-stability characteristics of the alrplane
in tests which extended to & Mach number of 0.91. Wind-tunnel tests
of a similar wing at 2,000,000 Reynolds number indicated similar results.
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3. The drag of the airplane with the modified leading edge was

and ebove 0.94 Mach number st 0.15 normal-force coefficient.

Nationsel Advisory Committee for Aeronautlcs

Ames Aeronautical Laboralory
Moffett Field, Callfornia
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TABLE I.- DESCRIPTION OF TEST AIRPLANE

Wj_n.g [ . - —

- Total wing area (including flaps, slats, and

49.92 sq £t covered by fuselage) . « «
@an * - Ll L] - - - [ ] L ] L ] L ] . -
Aspect 12110 ¢« « ¢ ¢ ¢ ¢ ¢ 4w e 8 e o o .
Taper ratio - - - [ ] - a - . L] * . L ] - L] -
Mean aerodynamic chord (wing station 98.7 in.)

« &
. .
e’
s =

Dj—h-edral ang].e - - * [ ] L 3 . . [ ] [ 2 o
Sweepback of 0.25-chord line . .

* e
- -
. e

Sweepback of leading edge o« o« « » .
Aerodynamic and geametric twist . .
Root airfoil section (normsl to 0.25-chord line

Tip airfoil section (normal to 0.25-chord line) . . .

Ailerons
Total ares « « « o« o ¢
SPBN ¢ o ¢ ¢ o o ¢ o o
Chord (average) « « « «

Horizontal tail

Total area (including 1.20 sqg £t covered by
vertical tail) .
Span . « o « o

A.BpectratiO-.......-....

Taper ratio. « « .
Dikedral a.ngle. : « o o o &
Root chord (horizontal-tail station O) .
Tip chord, equivalent (horizontal-tail
station T6.68 In.) v o w ¢ o « « ¢ o o o « s« « o o
Mean serodynemic chord (horizontal-tail '
Btation335’+j_n) = e e & e ® @ & & =
Sweepback of 0.25-chord 1ine « o« o« ¢ ¢ o @
Airfoil section (parallel to center line)
Maximum stabilizer deflection. « s s o = &
Elevator .
Area (including tabe and excluding balance area
fomrdofhingeline).o-.-o-c-o-o-o
Span,each..-...... e ¢ & & & &4 6 o & & =
Chord, inboard (equivalent horizontal—tail
B’tation6921n.)....I.l..........

Chord, outboard (theoretical, horizontal-tail
station 76.18 in.) . « . * o s s o a
Maximum elevator deflection. « ¢ o o o &

LBOOSt.--.-.-....n--..

287.90 sq £t
. 37.12 £t
. a h‘079
.« o« 0.51

8.08 ft
L ] c- 3.00
. 354
e. 37Okl
« . 2.0°
NACA 0012-64

(modified)
NACA 0011-64

(modified)

37.20 sq £t
L] L 3 9.18 ft
« o 2.03 £t

3%.99 8q £t
.« o 12.75 Pt
* [ 3 L ] 11'065
« o« 0.5
[ ] [ ] - 10-00
e+ 3.79 ft
e o 1.7k £t
« s« 2.89 1t
« « 3ho35:
HACA 0810-6h

10.13 sq Tt
« o 57T £%
e« « Jl.19 £t
e e 0057 ft

: : 356 up, 17.50 down

« Hydraulic

|
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Flgure 1, Three-quarter fromt view of test airplane.



- A NACA RM A52116a
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Figure 2.- Two-view drawing of the test airplane.
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Figure 3.- Unmodified and modified wing airfoil sections.
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{b) Photograph of wing leading-edge modification.

Figure 3.— Concluded.
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Figure k.- View of 0.25c fence at 0.63 semispsn.

-

15



16

SN NACA RM A52L16a
& Flaps up; geor up .
© Flaps down; gear down Modified leading edge
o Flaps up; gear up . )
O Flaps down; gear down Normal airplane; slats operating
& Flaps up; gear up . '
&  Flaps down; gear down Normal airplane; .s/afs locked closed
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2
7/ 1
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| g
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4
o 4 8 /2 /6 20 24 28

Angle of atfack, a, deg

Figure 5.— Variation of lift coefficient with angle of attack for

various configuralions.
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) & Flaps up N _
© Flaps down | Modified leading edge
O Flaps up - .
O Flaps down I”‘” mal airplane ; slats operating
& Fleps u )
© Flaps dzwn} Normal airplane ; slats locked closed
18
16
14
Qﬂ
" - 1.2
S
s
’ S
S
S /0
<
i
.8
.6
4
.04

Pitching-moment coefficienl, Cp

Figure 6.—Variation of piftching moment with [ift coefficient os
- - obtained from wind-tunnel fests (referénce /).
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© Modified leading edge
O 0.25 fence at 0.63 semispon
— — — Normal airplane; slcts operating
.4 PM‘X
r.2 o 5‘%3
Ky ]
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S /0 Y4
2
S 7
o f
Q
QO /
s .8 .
6 L//
4 o’ : '
o 4 8 /2 /16 20 24

Angle of attack, a, deg

(a) Flaps up, gear up.

Figure 7.— Comparison of various wing modifications on the [lift
curves.
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Lift coefficient, C,
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— — — Normal airplane; slats operating

Modified leading edge
0.25 fence at 0.63 semispan
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8 12 /6 20
Angle of attack, a, deg

(b} Flaps down, gear down.

Figure 7.— Concluded.
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g & I T T f
'e‘ Modified leading edge \ s~
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Mach number, M

Figure 9.-Variation of elevator angle for steady straight flight.
Stabilizer incidence, 0.6°.
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Figure I1.- Variation of drag coefficient with Mach number for measured poinls befween
Cy values of 0.12 and 0.8 corrected to a Gy of 015,
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